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Abstract. The 2014–2015 Ebola epidemic has been the most protracted and devastating in the history of the disease.
To prevent future outbreaks on this scale, it is imperative to understand the reasons that led to eventual disease con-
trol. Here, we evaluated the shifts of Ebola dynamics at national and local scales during the epidemic in Liberia. We used
a transmission model calibrated to epidemiological data between June 9 and December 31, 2014, to estimate the extent
of community and hospital transmission. We found that despite varied local epidemic patterns, community transmis-
sion was reduced by 40–80% in all the counties analyzed. Our model suggests that the tapering of the epidemic was
achieved through reductions in community transmission, rather than accumulation of immune individuals through asymp-
tomatic infection and unreported cases. Although the times at which this transmission reduction occurred in the majority
of the Liberian counties started before any large expansion in hospital capacity and the distribution of home protection
kits, it remains difficult to associate the presence of interventions with reductions in Ebola incidence.
INTRODUCTION
Since the first reported cases of Ebola Virus Disease (EVD)
on March 30, 2014, a total of 10,670 cases and 4,807 deaths
have been reported to the World Health Organization (WHO)
from the Republic of Liberia.1,2 Though Liberia was the most
affected country at the peak of the epidemic in west Africa,
data from the end of 2014 suggest that Liberia was the first to
experience a sharp decline in the number of new EVD cases,
indicative of effective infection control measures.3
A variety of integrated interventions have been applied
at different points over the course of the epidemic (Supple-
mental Tables 1–3). These interventions include classic infec-
tion control protocol such as “cordon sanitaire” procedures,
isolation, quarantine, disease surveillance infrastructure, and
active contact tracing of symptomatic and exposed individ-
uals (Supplemental Tables 1–3). Other interventions such as
hygienic burial of Ebola victims and distribution of house-
hold protective kits for family caregivers are specific to the
transmission pathology of EVD. The continual implementa-
tion of non-pharmaceutical public health interventions such
as isolation, quarantine, and personal protective equipment
are needed to maintain the downward epidemic trend and
to prevent a resurgence as occurred recently in Gueckedou,
Guinea.3,4 Currently clinical trials of an experimental Ebola
vaccine is underway in Sierra Leone and Guinea led respec-
tively by a Sierra Leone and a Guinea WHO–Doctors With-
out Borders clinical research partnership.5 Despite the promise
of these vaccine candidates to complement non-pharmaceutical
interventions, disease countermeasures must remain vigi-
lant during the interim study period and until the epidemic
has concluded.
Herein, we conducted a retrospective analysis of the Ebola
outbreak in Liberia to examine the main epidemiological fac-
tors that have contributed to decelerating the trend of disease
transmission in Liberia. We used a stochastic model for
Ebola transmission dynamics fitted to national and county-
level epidemiological data to quantify the transmission rates
of Ebola and hospital admission in Liberia. Through model
calibration, we identified the pivotal turning points of the six
county-level epidemiological trajectories. By evaluating the role
and timing of intervention strategies that led to ultimate control
over the largest Ebola epidemic in history can inform future
disease management strategies.
MATERIALS AND METHODS
We extended a previously developed stochastic model of
Ebola disease transmission within and between communities,
hospitals, and funerals6 (Figure 1 and Supplemental Informa-
tion). Our model tracks the density of individuals in the fol-
lowing epidemiological classes: uninfected and naive to Ebola
infection (S), latently infected (E), infectious (I), deceased but
infectious (F), recovered and immune (R), and buried (D). To
account for the heterogeneity of contact and transmission
between individuals in different locations, we stratified each
of the epidemiological classes by location types fundamental
to Ebola transmission. Our model tracks over time the den-
sity of people who are attending a funeral (subscript F), of
hospitalized Ebola patients (subscript H), of health-care
workers in a hospital (subscript W), and of people in the gen-
eral community (subscript G).
We first calibrated the deterministic version of our model
to the number of reported community Ebola cases, health-care
worker cases, and Ebola hospitalizations in Liberia reported
between June 9 and December 31, 2014. In addition, we cali-
brated the model to the proportion of cases attributable to
transmission from funeral ceremonies for Ebola victims.7,8 We
used national situation reports to fit eight epidemiological and
behavioral parameters before and after a “transition point” to
account for changes in control measures over the course of
the epidemic. We estimated the transmission rate in the gen-
eral community (βIβI, both before and after the transition
point), the nosocomial transmission rate (βWβW, both before
and after the transition point), the proportion of cases that
present to a hospital (θθ, both before and after the transition
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point), the initial number of cases in the general community
at the start of the outbreak (IG(0)IG(0)), and the relative risk
of funeral transmission compared with transmission in the
general community (ωω) before the transition points. We
calibrated the model trajectories for Liberia using a range of
weekly transition points that allowed us to determine the
best-fit transition point week. We used the estimated value of
relative risk for funeral transmission during the post-transition
point period. Next, for county-level data, we estimated the
first seven parameters, keeping the pre-transition point esti-
mate of relative risk at a funeral constant and equal to that
estimated from national data. We recalibrated the model for
different transition points to estimate the best-fit transition
point week for each county independently. We calibrated our
model to data beginning from the first day of an Ebola case
on or after June 9, 2014.
To evaluate the condition that the model parameteriza-
tion changes piecewise by inclusion of a transition point as
described above, we also fit a null model that uses constant
parameters through the whole trajectory of the epidemic for
comparison. Model fits were performed using a weighted least
squares algorithm implemented using the fminunc routine in
MATLAB,9 with bounded optimization where appropriate.
Standard errors were calculated using the square root diag-
onal elements of the Hessian inverse from the derivative-based
optimization algorithm. To ensure robustness of model fits,
multiple initial conditions were considered, and the respective
estimates for each optimization were then used as initial con-
ditions for the next optimization routine until convergence of
all implementations was achieved. To ensure that we were
able to estimate the model transition point, we estimated all
other parameters for a range of fixed transition point values
and calculated the least squares metric in all cases to check
the precision of transition point optimality. Further details
are provided in our previous study that used the same fitting
process.6 We conducted scenario analysis to account for poten-
tial asymptomatic and underreporting cases suggested by previ-
ous studies.10–12
A systematic review was conducted to determine the timing
of key intervention events since the beginning of the Ebola
outbreak in Liberia. All archived situation reports from the
Liberian Ministry of Health and Social Welfare, the United
Nations Children’s Fund (UNICEF), and the WHO Ebola
Response Roadmap were reviewed for documentation of inter-
vention events. The events, the approximate dates of their
implementation, the counties impacted, and a general classifi-
cation (i.e., behavior, awareness, or health care) were recorded.
If the details about a particular intervention event could not
be inferred from the situation reports, additional information
was sought from popular media articles, press releases from
aid organizations, or the Centers for Disease Control and Pre-
vention Morbidity and Mortality Weekly Reports.
RESULTS
The piecewise model captures the initial exponential tra-
jectory and the deceleration of the rate of new cases before
eventual disease transmission decline (Figure 2). We found that
all regional epidemics could be quantified by the inclusion
of a natural transition point in transmission dynamics that
signifies a transition from a period of high transmission to one
of low transmission.
When transmission rates remain constant through the
epidemic, the null model trajectory does not achieve the
plateauing observed in the raw case data, even accounting
for a substantial contribution of asymptomatic infections or
underreporting (Figure 3). The discrepancy between the null
model and the actual trajectories indicates that transmission
rates were not constant through the epidemic, corroborating
our alternate “transition point”model. Furthermore, the param-
eter estimation results of our alternate model suggest that the
change in epidemic trajectory was caused primarily by reduc-
tions in community transmission, βIβI (Table 1).
The shift in the dynamics occurred at different points in
the different counties. For example, the counties that reported
the first cases—Lofa and Montserrado—were also the counties
where the earliest reductions in transmission occurred. Spe-
cifically, community transmission in Lofa decreased by 80%
after September 6 and in both Montserrado and Grand Bassa
by 50–60% after September 20. The turning points in other
counties were later. In Bong County, transmission was reduced
by 40% after September 27. A week later, on October 4,
transmission in Margibi decreased by 80%, whereas in Grand
Cape Mount a 75% reduction in community transmission
occurred during the week of December 4. On a national level,
there was a 45% decrease in community transmission the week
of September 20, consistent with the shifts in Montserrado,
where the majority of the cases occurred.
Model projections were validated using epidemiological data
from January 1 to 20, 2015 (Figure 2). Model trajectories were
consistent with empirical data of incidence within the commu-
nity and among health-care workers in every county. Reported
hospital admissions were consistent with projections for most
counties, except Grand Cape Mount and Margibi where admis-
sions increased relative to model projections during the first
month of 2015.
FIGURE 1. Model diagram of compartmental epidemiological clas-
ses (circles) with rates of movements between each class (arrows).
Further details are presented in the Methods section, and correspond-
ing model equations are presented in Supplemental Information.
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With the exception of Lofa County, the proportion of Ebola
patients that were hospitalized increased after each county’s
best-fit transition point in transmission. This observation could
be as a result of the combination of reduced community trans-
mission rates and increased hospital capacity, consistent with
the Ebola treatment unit (ETU) admission data (Figure 4 and
Table 1). Although health-care worker transmission rate was
estimated to increase by 15% after September 6 in Lofa, the
lower hospital admittance resulted in an overall reduction
in Ebola among health-care workers during this later period.
In Montserrado, where the majority of ETUs are located, we
observed a 90% reduction in transmission to health-care workers
after the week of September 20.
Key intervention events implemented before mid-September
were largely behavioral and awareness based (Supplemen-
tal Tables 1–3). After this time and leading up to October,
there was increasing focus on awareness and health-care-
related interventions, such as health promotion trainings for
general community health volunteers, designation of airtime
for Ebola-specific radio shows, distribution of home kits, and
slight increases in hospital capacity. Although there were
small increases in the bed capacity, after the opening of larger
ETUs and the nation’s first community care center occurred
in early December, the majority of transmission rates started
to decrease.
Accounting for 17% underreporting of symptomatic, infec-
tious cases, as has been evaluated for the current Ebola out-
break in west Africa,10,13 our parameter estimates remain
robust compared with an assumption of no underreporting
(Table 2). If half of the infections are asymptomatic, consis-
tent with a serological study from a previous Ebola outbreak,14
both community and health-care transmissions increased to
about 2-fold. Nonetheless, the proportion of patients hospi-
talized, the relative reduction in community and health-care
worker transmissions, and the approximate time when trans-
mission rate reduction began remained consistent when com-
pared with the assumption of no asymptomatic infection.
DISCUSSION
We used a model of Ebola transmission calibrated to
Liberian county-level situation report data to identify the tran-
sition points at which temporal shifts in Ebola transmission
occurred. We found that both community and health-care
FIGURE 2. Model fits. Deterministic trajectories of the model fitted to data from June 9, 2014 to December 30, 2014 (black line) with confidence
intervals generated from over 1,000 runs of the stochastic version of our model (gray fill). Parameter values are displayed in Table 1. Data points
for each county used to fit the model (red) and for validation (blue) are overlaid. Note that for Bong and Margibi counties, transmission to health-
care workers increased before any Ebola patients being admitted to hospitals in those counties.
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worker transmissions were reduced over the course of the
epidemic in all Liberian counties at different stages of the
national epidemic. The drivers of these reductions in trans-
mission are most likely multifactorial given that probabilities
of infection depend on both the number and type of infec-
tious contact. Behavioral response to an epidemic, particu-
larly one of such a deadly disease as Ebola, can significantly
impact transmission.15–17 In the general community, height-
ened awareness about Ebola may have spurred behavioral
changes that reduce an individual’s exposure risk, for exam-
ple, limiting direct contact (e.g., handshaking) and improved
sanitation (e.g., handwashing).16 Widespread public aware-
ness may be the result of personal observations of Ebola vic-
tims, word-of-mouth and targeted public health campaigns.
The success of any mandated control program requires the
willingness of the public to adhere to the protocols. For
example, the effectiveness of some control programs, such as
the cordon sanitaire implemented in Monrovia, Montserrado
County, have been questioned, due to lack of public support,
infeasibility, and little evidence of incidence reduction.6,18
By partitioning the epidemic into a primary and a secondary
phase, each with its own reproductive number, our model pre-
dicts that the transition points—synonymous with decreases in
transmission intensity—occurred around September 6 for the
earliest epidemic in Lofa County and around December 4
for the latest epidemic in Grand Cape Mount County. For
FIGURE 3. Model fits when only one community transmission rate (βIβI), health-care worker transmission rate (βWβW), and hospitalized pro-
portion (θθ) are fit throughout the entire epidemic period. Scenario analysis of the model fits for varying proportions of asymptomatic infection.
TABLE 1
Parameter estimates for the best-fit model before (top) and after (bottom) the best-fit transition point weeks
Location Week of parameter change (since June 9) βI βW θ ω IG(0)
Liberia 15 (September 20) 0.235 (0.221, 0.256) 0.042 (0.026, 0.085) 0.377 (0.199, 0.499) 0.090 17
0.128 (0.072, 0.156) 0.004 (0.000, 0.009) 0.450 (0.363, 0.522) – –
Montserrado 15 (September 20) 0.331 (0.307, 0.702) 0.044 (0.026, 0.588) 0.836 (0.053, 1.000) – 1
0.157 (0.072, 0.189) 0.003 (0.000, 0.008) 0.914 (0.500, 1.000) – –
Bong 16 (September 27) 0.205 (0.184, 0.241) – 0.003 (0.000, 0.325) – 7
0.118 (0.081, 0.147) 0.000 0.321 (0.158, 1.000) – –
Grand Cape Mount 26 (December 4) 0.202 (0.189, 0.335) – 0.000 – 1
0.057 (0.000, 0.176) – 0.000 – –
Margibi 17 (October 4) 0.241 (0.212, 1.021) – 0.000 – 1
0.048 (0.008, 0.103) 0.030 (0.000,0.182) 0.065 (0.007, 0.088) – –
Grand Bassa 15 (September 20) 0.272 (0.180, 0.646) – 0.000 – 2
0.111 (0.106, 0.136) 0.030 (0.030, 0.036) 0.083 (0.059, 0.085) – –
Lofa 13 (September 6) 0.206 (0.166, 0.219) 0.015 (0.015, 0.017) 0.504 (0.481, 0.520) – 16
0.043 (0.000, 0.071) 0.018 (0.000, 0.021) 0.234 (0.000, 0.292) – –
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Liberia overall, the transition point of around September 20
aligned with that of the hardest hit area, Montserrado County.
The county-level transition points calculated in this study are
generally consistent with a previous country-level phenome-
nological analysis in Liberia that found an initial reduction in
the reproductive number around the week of September 6
and a secondary drop around the week of October 1.19
In the initial phase of the epidemic, the ETUs (JFK Medi-
cal Center in Montserrado, ELWA Hospital in Montserrado,
and Foya Hospital in Lofa County) were filled to capacity
and remained insufficient to accommodate the rising inci-
dence throughout September. Notably, the delayed but sub-
stantial expansion in hospital capacity, such as the opening of
a 200-bed ETU at the former Ministry of Defense compound,
and the distribution of 50,000 home protection kits were not
implemented until late October 2014, after all but one of
the calculated county-level transition points in the epidemic
trajectory. Throughout October, increasing involvement of the
U.S. Africa Command (AFRICOM) as part of Operation
United Assistance resulted in two additional mobile medical
laboratories for improved Ebola diagnosis in Liberia. Each
laboratory had the capacity to process up to 80 samples daily
with two trained staff members. As the first of the AFRICOM-
led ETUs opened in November 2014 (Supplemental Table 4),
the impact of patient isolation had a delayed effect on overall
disease transmission, consistent with results from a previous
study.20 By contrast, before mid-September transition points,
significant behavioral and awareness interventions were being
introduced, including the “Wash Away Ebola” strategy and
UNICEF’s multi-county hygiene promotion efforts.21,22 These
interventions mobilized community members through train-
ing workshops that provided instruction regarding the dis-
semination of Ebola education with an emphasis on behavior
change. Taken together, our model results and the timeline
FIGURE 4. Changes in epidemiological parameters before and after the best-fit transition points.
TABLE 2
Effect of underreporting and asymptomatic infection on best-fit parameter estimates for Liberia before (top) and after (bottom) the best-fit tran-
sition point weeks
Scenario Week of parameter change (since June 9) βI βW θ ω IG(0)
100% reporting 15 (September 20) 0.235 0.042 0.377 0.090 17
0% asymptomatic 0.128 0.004 0.500 – –
83% reporting 15 (September 20) 0.240 0.042 0.382 0.074 19
0% asymptomatic 0.128 0.004 0.497 – –
50% reporting 15 (September 20) 0.251 0.045 0.398 0.044 27
0% asymptomatic 0.128 0.006 0.489 – –
100% reporting 15 (September 20) 0.487 0.087 0.377 0.044 16
50% asymptomatic 0.261 0.009 0.500 – –
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of intervention implementation support the explanation that
behavioral changes had an important impact in initial decline
of Ebola incidence toward the end of September, and before
expansion of isolation and treatment facilities. Although evi-
dence suggests that the expansion of ETU capacity, the setup
of community care centers (CCCs) and distribution of home
kits will likely reduce Ebola incidence in Liberia,23,24 it is dif-
ficult to disentangle the effects of social awareness necessary
for patients to present early at treatment centers from the
availability of ETU and CCC beds.25
It is theoretically possible that a downturn in an epidemio-
logical trajectory may be attributable to the depletion of sus-
ceptible individuals as the system approaches herd immunity.
Although the number of recovered Ebola cases that have been
reported in Liberia is far from the herd immunity threshold,
a high proportion of asymptomatic infections that result in
seroconversion without case detection reduces the pool of
susceptibles that could conceivably achieve herd immunity.10
Our results indicate that asymptomatic infections can lead to
some tapering of the epidemic over the current time scale,
although accumulation of asymptomatic infections may have
a greater impact on transmission at a more localized scale
than county-level captured in our model. Nevertheless, we
found that even if 99% of Ebola infections are asymptom-
atic, this factor would not have been sufficient to mediate the
dramatic reduction of transmission that occurred.
Understanding the drivers of the dramatic, albeit delayed,
halting of transmission will be vital to curbing future outbreaks
before they escalate and disseminate as far as occurred in the
2014–2015 Ebola epidemic. Our model results and the time-
line of intervention implementation support the importance of
behavioral change on Ebola incidence.
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